Comparative Regge analysis of Λ, Σ 0 , Λ(1520) and Θ + production in γp, πp and pp reactions
Abstract. Using the Quark-Gluon Strings Model -combined with Regge phenomenology -we perform a comparative analysis of Λ, Σ 0 , Λ(1520) and Θ + production in binary reactions induced by photon, pion and proton beams on the nucleon. We find that the existing experimental data on the γp → K + Λ differential and total cross sections can be described very well by the model for photon energies 1 − 16 GeV and −t < 2 GeV 2 assuming a dominant contribution of the K * Regge trajectory. Moreover, using the same parameters we also reproduce the total γp → K + Σ 0 and γp → K + Λ(1520) cross sections suggesting a 'universality' of the Regge model. In order to check the consistency of the approach we evaluate the differential and total cross sections for the reaction π − p → K 0 Λ which is also found to be dominated by the K * Regge trajectory. Using the apparent 'universality' of the Regge model we extend our scheme to the analysis of the binary reactions γp →K 0 Θ + , π − p → K − Θ + and pp → Σ + Θ + as well as the exclusive and inclusive Θ + production in the reactions pp → pK 0 Θ + and pp → Θ + X. Our detailed studies demonstrate that Θ + production does not follow the 'universality' principle thus suggesting an essentially different internal structure of the exotic baryon relative to conventional hyperons or hyperon resonances.
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Introduction
Inspite of the belief that the structure of baryons in the octet and decuplet representation is roughly understood (and exhausted), recent claims on the discovery of the manifestly exotic baryon Θ + have opened a new chapter in hadron physics (see e.g. Refs. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11] ). Although the existence and properties of this exotic and long-lived baryonic state still need final experimental confirmation a variety of theoretical models have been set up with different assumptions about the internal structure of the Θ + . Here the quark-soliton model of Diakonov, Petrov and Polyakov [12] was the first to claim the existence of an antidecuplet with rather narrow spectral width (actually prior to the experimental observations). However, the Θ + might also be 'bound' due to strong diquark correlations (in a relative p-wave) as proposed in Ref. [13] or due to a strong mixing with the octet [14] . Alternatively, it might even be explained on the basis of the constituent quark model involving clusters [15] . Further models have been proposed in the last 2 years that all claim a different dynamical origin of the pentaquark Θ + [16, 17] (cf. [18] and Refs. cited therein). Additionally, the properties of the exotic state have been analysed within the framework of QCD sum rules [19] and even lattice QCD [20, 21, 22, 23] .
However, for a better understanding of this exotic state and its wave function (in terms of the elementary degrees of freedom) it is very important to study the dynamics of Θ + production in comparison to the production of nonexotic strange baryons. In this respect exclusive reactions with strangeness (ss) production are of interest, i.e. (starting with γ induced reactions):
and γd → ΛΘ + .
The first two reactions (1) and (2) -where the s quark ends up in the mesonic final state -can be compared with Λ production in the binary reactions
where the s quark ends up in the hyperon. Note that very detailed measurements of the reaction (4) have been performed in the energy range from threshold up to a photon energy of 2.6 GeV [24] . The third reaction (3), furthermore, can be compared with the two-body deuteron photodisintegration reaction γd → pn which has been studied recently at Jlab [25] . We recall that several studies of Θ + photoproduction have been performed within the framework of isobar models using the Born approximation [26, 27, 28, 29, 30, 31] . Since these models involve a variety of uncertain parameters (coupling constants and cutoff's) the resulting cross sections differ from several nb to almost 1 µb. On the other hand the Regge model has a substantial advantage that the amount of uncertain parameters is much lower and that the latter can be fixed by other reactions in a more reliable fashion [32] . Accordingly, in this work we will apply the Quark-Gluon Strings Model (QGSM) combined with Regge phenomenology to the analysis of the differential and total cross sections of the exclusive reactions γp → K + Λ, γp → K + Σ 0 and γp →K 0 Θ + . Similar final channels will be investigated also for pion and proton induced reactions.
We note that the QGSM was originally proposed by Kaidalov in Ref. [33] for the description of binary hadronic reactions; as demonstrated in Refs. [33, 34] the QGSM describes rather well the experimental data on exclusive and inclusive hadronic reactions at high energy. More recently this model has been also successfully applied to the description of the nucleon and pion electromagnetic form factors [35] as well as deuteron photodisintegration [25, 36, 37] .
We recall that the QGSM is based on two ingredients: i) a topological expansion in QCD and ii) the space-time picture of the interactions between hadrons, that takes into account the confinement of quarks. The 1/N expansion in QCD (where N is the number of colors N c or flavors N f ) was proposed by 't Hooft [38] ; the behavior of different quark-gluon graphs according to their topology, furthermore, was analyzed by Veneziano [39] with the result that in the large N limit the planar quark-gluon graphs become dominant. This approach -based on the 1/N f expansion [39] with N c ∼ N f -was used by Kaidalov [33, 34] in formulating the QGSM. Again for sufficiently large N f the simplest planar quark-gluon graphs were found to give the dominant contribution to the amplitudes of binary hadronic reactions. Moreover, it can be shown that (in the space-time representation) the dynamics described by planar graphs corresponds to the formation and breakup of a quark-gluon string (or color tube) in the s-channel (see e.g. [40, 41, 42, 43, 44] ). On the other hand an exchange of the u ands quarks in the t-channel implies that the energy behavior of the amplitudes -described by quark diagrams in Fig. 1 -is given by the contribution of the K * Regge trajectory. In this sense the QGSM can be considered as a microscopic model of Regge phenomenology. This in turn allows to obtain many relations between amplitudes of different binary reactions and residues of Regge poles which determine these amplitudes [33, 34, 45] . Our investigation is organized as follows: In Section 2 we outline our approach and present the results for the differential cross sections γp → K
In Section 3 we compare total cross sections for the reactions γp → K + Λ(1520) and γp →K 0 Θ + while in Section 4 we step on with the pion induced reactions π
+ . An analysis of Θ + production in exclusive and inclusive N N collisions is presented in Section 5 while a summary of our studies is given in Section 6.
The reactions γp
We first concentrate on γ induced reactions and work out the Regge model in more detail. The reaction γp → K + Λ can be described by the exchange of two valence (u and s) quarks in the t-channel with any number of gluon exchanges between them (Fig. 1 a) ). Alternatively, in terms of the Regge phenomenology this diagram corresponds to the K * -Reggeon exchange mechanism shown in Fig. 2 a) . Employing the Regge model further on we can write the γp → K + Λ amplitude in the form Here e 2 /4π is the fine structure constant, γ
2 , g ρKK * and g pK * Λ are the coupling constants describing the interaction of the K * Reggeon with the ρK and pΛ systems. Within the Reggeized-Born-term model (see eg. Refs. [46, 47, 48] ) it is assumed that the coupling constants g i in the Regge amplitude of Eq. (6) can be identified with the coupling constants in an effective Lagrangian model. However it is difficult to justify this assumption and we do not address this model here. We follow another approach for a 'Reggeization of the amplitude' as proposed in Refs. [35, 36, 37] , i.e. by using the s−channel convolution representation in the QGSM. In this approach one can express the amplitude for the reaction γp → K + Λ in terms of the s-channel convolution of two amplitudes: T (γp → q +qq) and T (q +qq → K + Λ) (see Fig. 1 ). Thenusing the Regge representation for the hadron-quark and quark-hadron transition amplitudes -we can Reggeize the binary amplitude γp → K + Λ. Such a procedure was applied in Refs. [36, 37] to define the spin structure of the deuteron photoproduction amplitude. We point out that this approach is more general and gives a vertex structure of the amplitude at negative t different from the Reggeized-Born term.
Assuming, furthermore, that the Θ + is a pentaquark of structure (uudds) we can use a similar strategy for the γp →K 0 Θ + reaction. The relevant quark diagrams for this reaction are shown in Fig. 1 b) , c). It is obvious that in terms of the Regge phenomenology we can also use the K * -Reggeon exchange model to describe the reaction γp →K 0 Θ + (cf. Fig. 2 b) . The γp →K 0 Θ + amplitude reads accordingly
with s
In the following calculations the form factor squared |F i | 2 in (6), (7) is chosen always in the form
For the further developments it is important to recall that the QGSM originally was formulated for small scattering angles (or small negative 4-momentum transfer (squared) −t). Thus the question arises about the extrapolation of the QGSM amplitudes to large angles (or large −t). Here we adopt the same concept as in our previous works [36, 37] : following Coon et al. [49] we assume that only a single analytic Regge term with a logarithmic trajectory gives the dominant contribution to large momentum transfer processes. As shown in [49] such a model (denoted as 'logarithmic dual model') can describe very well the differential cross section dσ/dt for elastic pp scattering in the energy range of 5 − 24 GeV/c for −t up to 18 GeV 2 . The logarithmic Regge trajectory itself can be written in the form
with the parameters α(0) = 0.32 and T B = 6 GeV 2 that have been fixed in Refs. [50, 51] . To describe the energy dependence of the γp → K + Λ differential cross section at fixed t we have found γν = 2.75.
We note in passing that logarithmic Regge trajectories have also been discussed in Refs. [52, 53, 54] . The special limit γν → 0 at large −t corresponds to 'saturated' trajectories, i.e. all trajectories approach a constant asymptotically. Such a case leads to the 'constituent-interchange model' that can be considered as a predecessor of the 'asymptotic quark counting rules' [55, 56] . Moreover, the model with 'saturated' trajectories has also successfully been applied to the large-t behavior of exclusive photonand hadron-induced reactions in Refs. [48, 57, 58, 59] .
Formally, the amplitude (6) does not contain spin variables. Nevertheless it can be used for a description of the differential cross section that is averaged over the spin states of the initial particles and summed up over the polarizations of the final particles,
Here the amplitude squared can be written as 1 4
λγ ,λp,λΛ
Let us now discuss constraints that have to be fulfilled for the residues and coupling constants. In line with Refs. [34, 50, 60] we assume that for the planar quark diagrams with light quarks there is some kind of 'universality' of the secondary Reggeon couplings tomesons involved in a binary reaction, i.e. in particular
with g 0 ≃ 5.8. Taking g ρKK * = 5.8 and normalising the differential cross section of the reaction γp → K + Λ at t = 0 we find g pK * Λ ≃ 3.5. This result shows that the Reggeon couplings to mesons and baryons might be, in general, different by up to a factor of 2.
We mention that the form factor F i -determining the t-dependence of the residue -was parametrized in Refs. [34, 50] as
Indeed, such a choice of the form factor is convenient for an analytical continuation of the amplitude to positive t where the Γ function decreases exponentially with t. However, in the region of negative t the parametrization (13) exhibits a factorial growth and is not acceptable (see e.g. the discussion in Ref. [61] ). Accordingly we use the parametrization of the form factor (8), which decreases with t. To keep the same normalization of the amplitude at t = 0 we have to change the coupling constant squared as g
where for the K * trajectory we have Γ (1−α K * (0)) ≃ 1.32. The differential cross section for the reaction γp → K + Λ is presented in Figs. 3 -4 as a function of the laboratory photon energy at fixed values of t. The solid lines are calculated using our model with the following coupling constants and parameters of the form factor:
The experimental data are from Refs. [24] (full triangles), [62] (full circles), [63] (full stars), [64] (empty triangles) and [65] (empty circles). The agreement between the solid curves and the experimental data clearly supports the dominant role of the K * Regge trajectory in the reaction γp → K + Λ. The dashed line in Fig. 3 -calculated at t = −0.165 GeV 2 -describes the result for a K Regge trajectory normalized to the data at E γ = 2 GeV. Definitely, it can not describe the energy dependence of the differential cross section and we may conclude that the K Regge trajectory is subdominant.
We have applied our model also to the description of the reaction γp → K + Σ 0 adopting the same coupling constants and form factor as for the reaction γp → K + Λ, however, modifying the scaling factor to s
2 . The total cross sections of the reactions γp → K + Λ and γp → K + Σ 0 as a function of the laboratory photon energy are shown in Fig. 5 (upper and lower parts describe the reactions γp → K + Λ and γp → K + Σ 0 , respectively) in comparison to the experimental data from Ref. [24] . In this context one has to note that the Regge model gives only the average cross section for a particular channel and [24] (full triangles), [62] (full circles), [63] (full stars), and [64] (empty triangles). The solid line is the result of the QGSM for the contribution of the K * logarithmic Regge trajectory defined by Eq. (9). The dashed line (for t = −0.165 GeV 2 ) describes the result for the K Regge trajectory αK (t) = 0.7(t − m 2 K ) normalized to the data of Ref. [24] at Eγ = 2 GeV.
misses resonant amplitudes at low energy. For example, according to recent data on the reaction γp → K + Σ 0 [66] the s-channel resonance contributions are found to be important for photon beam energies at least up to 1.5 GeV. Since the K + Λ and K + Σ 0 systems show strong resonances in the 1.3 to 2 GeV invariant mass region the latter cannot be described in the Regge approach. Nevertheless, the results of our model calculations (presented as the also holds in the binary reactions
with Y 1 = Λ(1116), Y 2 = Λ(1520), .... In case of the universality to hold we have g pK * Λ(1520) = g pK * Λ ≃ 3.5, F Λ(1520) (t) = F 1 (t). (16) The resulting total cross section of the reaction γp → K + Λ(1520) is presented in Fig. 6 in comparison to the experimental data from [67] (full squares) and [4] (empty square). The solid curve is calculated for the coupling constant g pK * Y = 3.5 which corresponds directly to the prediction from the universality principle. The dashed curve is calculated using g pK * Y = 4.14 and is in a good agreement with the data; the deviation between the two curves does not exceed 40%. Therefore, the data on the reactions γp → K + Λ and γp → K + Λ(1520) support the assumption on the universality of the K * trajectory coupling tomesons as well as to baryons with constituent qqs quarks (at least within a factor of 2). We, accordingly, consider (or define) the universality principle to hold if a variety of cross sections is described (predicted) within a factor better than 2.
We continue with the γp →K 0 Θ + reaction and explore if the unversality principle (in the sense defined above) also holds in this case. The cross section of the reaction γp →K 0 Θ + was estimated by the SAPHIR collaboration [4] as
at an average photon energy of ∼2 GeV. Let's first adopt 200 nb as an upper limit for the total cross section of the reaction γp →K 0 Θ + at 2 GeV. In this case equation (17) principle for Θ + photoproduction since -assuming the universality principle to hold for Θ + -we get
This leads to a total cross section of the reaction γp → K 0 Θ + shown by the solid line in Fig. 7 . The dash-dotted curve in Fig. 7 is calculated assuming g SAPHIR pK * Θ ≃ 0.4 g pK * Λ(1520) ≃ 1.8 , F 2 (t) = F 1 (t) (19) in order to match the quoted cross section in (17) . However, the new preliminary results from the CLAS collaboration [68] do not support the estimate (17) and indicate that the upper limit on the total cross section of the reaction γp →K 0 Θ + should be much lower:
When taking 4 nb as an upper limit we find
. (21) Therefore, using the preliminary result from the CLAS collaboration we find a very strong suppression of the γp →K 0 Θ + cross section relative to the prediction from the universality principle for photoproduction of the lowest qqs baryons. If the pentaquark exists, we may interpret this finding as a clear indication of a substantially different quark structure of the Θ + .
4 Pion induced reactions:
We continue with π − induced reactions and assume that the amplitudes of the reactions π − p → K 0 Λ and π − p → K − Θ + are also dominated by the contribution of the K * Regge trajectory (see Fig. 8 a) and b) ) such that the cross sections are fully determined. We directly step on with the (19) assuming the validity of the quoted cross section (17) . The dotted curve is calculated using the coupling constant g CLAS pK * Θ (21) that corresponds to the preliminary upper limit from the CLAS collaboration (20) on the total cross section of the reaction γp →K 0 Θ + [68] . In the latter case the 'universality principle' is found to be violated by almost 3 orders of magnitude.
results for the differential cross section of the π − p → K 0 Λ reaction as a function of t at p lab =4.5, 6, 8, 10.7 and 15.7 GeV/c shown in Fig. 9 in comparison to the experimental data from [69, 70] . The results of our model are displayed by the dashed lines calculated for the following parameters:
We see that the coupling constants g πK * K and g pK * Λ -in the case of the reaction π − p → K 0 Λ -are also in agreement with the universality assumption for the coupling constants. However, to describe the t-dependence of the differential cross section we have to employ different parameters for the form factor F (t) as compared to the reaction γp → K + Λ. This can be explained, in particular, by the different relative contributions of the baryon spin-flip terms in the reactions γp → K + Λ and π
The total cross section of the reaction π − p → K 0 Λ is presented in Fig. 10 where the dashed curve is the result of our calculations. As expected for a Regge model -and discussed above -we see some deviation of the QGSM from the data [71] in the resonance region. However, at higher energies, where the explicit resonance structure disappears, the theoretical calculations are in a good agreement with the data. Now using the coupling constants g πK * K = 5.8, g pK * Θ = g SAPHIR pK * Θ and g CLAS pK * Θ and assuming R 2 1 and B to be the same as for the reaction π − p → K 0 Λ we can calculate the cross section for the reaction π − p → K − Θ + . The results are shown in Fig. 10 by the solid and dotted line, respectively; these cross sections reach about 10 (0.2) µb in their maximum. 
Θ
+ production in exclusive and inclusive NN collisions Fig. 12 ) has been calculated using the coupling constant g pK * Θ = g SAPHIR pK * Θ (g CLAS pK * Θ ). Of course, taking into account the results of Section 2 we can safely assume that g pK * Σ ≃ g pK * Λ . At the same time the coupling constant g pK * Λ may vary from 3.5 (if we define it via the reaction γp → K + Λ) to 4.5 (if we define it via the π − p → K 0 Λ reaction ). In this section we use g pK * Λ = 4.5. The predictions for the total cross section of the pp → Θ + Σ + reaction are shown by the solid (dotted) line in Fig. 11 using g pK * Θ = g SAPHIR pK * Θ (g CLAS pK * Θ ) . The cross section described by the dotted line is ∼ 20-30 times smaller than the experimental value σ = 0.4 ± 0.1(stat) ± 0.1(syst) µb [11] measured at a beam momentum of 2.95 GeV/c (open square) and clearly signals an incompatibility of the different measurements.
We note, that the first analysis of the reaction pp → Θ + Σ + was performed by Polyakov et al. in Ref. [72] even before the Θ + baryon was 'discovered' from the experimental side. Their estimation of the cross section -within the kaon-exchange approximation -was about 2 µb at the initial momentum ∼3 GeV/c. Approximately the same value of the total cross section of the reaction pp → Θ + Σ + was found by Liu and Ko in Ref. [76] later on. Our calculated cross section is about 0.8 µb on the basis of the coupling (19) and 16 nb for the coupling (21) at the excess energy Q = 22 MeV (p lab = 2.95 GeV/c). The maxima of cross sections are 3.3 µb and 66 nb, respectively, at the ex- cess energy Q = 460 MeV (p lab = 4.4 GeV/c). These cross sections are smaller by factors of 2 and 90, respectively, compared to the early estimates.
We continue with alternative production mechanisms for Θ + production in pp collisions as described by the middle and lower diagrams in Fig. 12 . In the following we use the method of Yao [73] to calculate the cross sections of the reactions: 1) pp → pK 0 Θ + with the pion exchange (middle diagram in Fig. 12) 2) pp → pK 0 Θ + with the kaon exchange (lower diagram in Fig. 12 with X =K 0 p), 3) pp → Θ + X with the kaon exchange (lower diagram in Fig. 12 ). In the case of pion exchange the expression for the total cross section can be written in the form:
where W is the invariant mass of theK 0 Θ + system, k is defined as 
Here W is the invariant mass of the system X and ∆
2 . The form-factors for the virtual pion and kaon exchange have been chosen of the monopole type
with Λ π = 1.3 GeV and Λ K = 1 GeV. These parameters have been used in Ref. [74] to describe the total cross section of the reaction pp → K + Λp. Obviously, the contribution of the kaon exchange to the reaction pp → Θ + X depends on the coupling constant G ΘKN , which can only be estimated (or fixed by upper limits). If the Θ + decay width is less than 1 MeV [75] we have G ΘKN ≤ 1.4. The solid and dashed lines in Fig. 13 present our results for the inclusive pp → Θ + X and exclusive pp → Θ +K 0 p reactions as calculated within the kaon-exchange model for G ΘKN = 1.4 (as an upper limit). The inclusive cross section turns out to be about 1.5 µb at high energies while the exclusive pp → Θ +K 0 p cross section is at least one order of magnitude smaller.
The reaction pp → pK 0 Θ + may proceed also via π exchange. The corresponding contribution to the total cross section calculated with the coupling constant g pK * Θ = g CLAS pK * Θ from Eq. (21) is presented by the dash-dotted line in Fig. 13 . It reaches about 10 nb in its maximum. Therefore, we can conclude that the Θ + production cross section in pp-collisions is dominated by the K exchange and should be about a few µb. Note that using the hadronic Lagrangian model Liu and Ko [76] found a considerably larger cross section for Θ + production, i.e. about 50 µb in pion-nucleon reactions and ∼20 µb in proton-proton reactions. From our point of view the latter results are essentially due to a large coupling constant G ΘKN ≃ 4.4 in [76] , which corresponds to Γ Θ ≈ 20 MeV. Such large couplings, however, should be excluded according to the more recent analysis in Ref. [77] .
Conclusions
In this study we have analyzed Λ, Σ 0 , Λ(1520) and Θ + production in binary reactions induced by photon, pion and proton beams in the framework of the Quark-Gluon Strings Model combined with Regge phenomenology. Starting with the existing experimental data on the γp → K + Λ reaction we have demonstrated that the differential and total cross sections at photon energies 1 − 16 GeV and −t < 2 GeV 2 can be described very well by the model with a dominant contribution of the K * Regge trajectory. We stress that the rather good description of the large t region was possible only due to the logarithmic form of the K * Regge trajectory (9) . It has been demonstrated, furthermore, that the data on the reactions γp → K + Λ, γp → K + Σ 0 and γp → K + Λ(1520) -at least within a factor of 2 -support the assumption on the universality of the K * trajectory coupling tomesons as well as to baryons with qqs constituent quarks. This implies thatusing the same parameters as for γp → K + Λ -we are able to reproduce the total γp → K + Σ 0 and γp → K + Λ(1520) cross sections (within an accuracy of 40%). On the other hand, as a consequence of the SAPHIR data [4] and the preliminary data from CLAS [68] , there is an essential suppression of the γp →K 0 Θ + cross section relative to the prediction within the universality principle that was shown to hold (with reasonable accuracy) for the photoproduction of the lowest qqs baryons. We conclude that this suppression indicates a substantially different quark structure and wave function of the Θ + (in case of its final experimental confirmation).
Moreover, we have suggested that the amplitudes of the reactions π − p → K 0 Λ and π − p → K − Θ + are also dominated by the contribution of the K * Regge trajectory (cf. Fig.8 a) and b) ). Indeed, the differential and total cross sections of the π − p → K 0 Λ reaction are found to be in a reasonable agreement with the universality principle. Using parameters defined by the analysis of the reactions γp → K + Λ, γp → K + Σ 0 , γp → K + Λ(1520), γp →K 0 Θ + and π − p → K 0 Λ we have calculated the cross section for the reaction π − p → K − Θ + . We predicted a maximum cross section of about 200 nb (cf. Fig.  10 ) for the coupling constant g pK * Θ = g CLAS pK * Θ extracted from the new preliminary CLAS result on the reaction γp →K 0 Θ + [68] .
We extended our model additionally to the analysis of the binary reaction pp → Σ + Θ + . We found that the cross section of this reaction -measured by the COSY-TOF collaboration [11] -is 20-30 times larger than the value predicted by the model with the coupling constant g pK * Θ = g CLAS pK * Θ . Furthermore, we have investigated the exclusive and inclusive Θ + production in the reactions pp → pK 0 Θ + and pp → Θ + X and found that the inclusive Θ + production in pp collisions at high energy should be on the level of 1 µb.
The systematic and comparative Regge analysis -provided by our study -will also allow in future to relate different data sets from γ, π and proton induced reactions on ss pair production and finally should yield a transparent picture of the dynamics as well as the properties of (possible) exotic states.
